The molecular machinery that mediates sperm-egg interactions at fertilization is largely unknown. We identify two partially redundant egg surface LDL receptor repeat-containing proteins (EGG-1 and EGG-2) that are required for Caenorhabditis elegans fertility in hermaphrodites, but not males. Wild-type sperm cannot enter the morphologically normal oocytes produced by hermaphrodites that lack egg-1 and egg-2 function despite direct gamete contact. Furthermore, we find that levels of meiotic maturation/ovulation and sperm migratory behavior are altered in egg-1 mutants. These observations suggest an unexpected regulatory link between fertilization and other events necessary for reproductive success. egg-1 and egg-2 are the result of a gene duplication in the nematode lineage leading to C. elegans. The two closely related species C. briggsae and C. remanei encode only a single egg-1/egg-2 homolog that is required for hermaphrodite/female fertility. In addition to being the first identified egg components of the nematode fertilization machinery, the egg-1 and egg-2 gene duplication could be vital with regards to maximizing C. elegans fecundity and understanding the evolutionary differentiation of molecular function and speciation.
Results and Discussion
Fertilization requires a precise series of cell-cell interactions that include gamete recognition, signaling, binding, and fusion. Despite the fundamental nature of these events, the molecular machinery that mediates spermegg interactions at fertilization is largely unknown [1] [2] [3] . C. elegans is emerging as an important model system for the study of fertilization [4] . Several studies have identified the first sperm components required for fertilization [5] [6] [7] . However, to gain a full understanding of fertilization at the molecular level, egg components must also be identified.
We searched the Caenorhabditis elegans DNA microarray data set of Reinke et al. [8] for genes that display an oocyte-enriched expression pattern and encode transmembrane molecules with features or motifs known to be involved in ligand-receptor and cell-cell interactions.
One of these genes, egg-1 (B0244.8), is predicted to encode a type II transmembrane molecule with an extracellular domain that contains an array of eight LDL receptor type A domains ( Figures 1A and 1C) . In addition to related molecules in many species (often with additional domains), BLAST [9] and SMART [10] analysis identified the existence of a paralogous gene in C. elegans (egg-2, R01H2.3) that also displays an oocyteenriched expression pattern. Single orthologs of egg-1/ egg-2 exist in the related nematodes C. briggsae (Cbegg-1 CBG08534) and C. remanei (Cr-egg-1, contig 153.1) ( Figure 1C ) (see Supplemental Experimental Procedures for details of all methods).
To further investigate the expression patterns of the egg-1 and egg-2 genes and determine the subcellular localization of their encoded proteins we created transgenic worm strains carrying integrated green fluorescent protein (gfp) fusions driven by either the endogenous egg-1/egg-2 promoters or the pie-1 promoter [11] (Figure S1a) . EGG-1:GFP and EGG-2:GFP driven by their own promoters are restricted to the adult germ line ( Figures 1D and 1E ) consistent with previous expression data [8, 12] . Further, EGG-1:GFP, EGG-2:GFP (endogenous promoters, C-terminal GFP fusions) and GFP:EGG-1 (pie-1 promoter, N-terminal GFP fusion) appear to localize to the plasma membrane of developing oocytes ( Figures 1D-1I , Figures S1b-S1e). The GFP fusion proteins display a ''swiss cheese'' appearance ( Figure 1F-1I ) when viewed at high magnification using 3D-deconvolution microscopy. This is in contrast to the C. elegans LDL receptor homolog RME-2 that cycles off the plasma membrane at a high rate with a steadystate enrichment in cortical endosomes [13] . RME-2: GFP displays a punctate and less tightly defined distribution ( Figures 1J and 1K ). To test for cell surface localization of EGG-1, we developed a live-cell staining assay in which we injected anti-GFP sera into the uterus of hermaphrodites. We observed anti-GFP staining on the surface of oocytes in the proximal gonad arms and uterus of animals expressing the EGG-1:GFP fusion (C-terminal fusion, GFP on surface) ( Figures S2A-S2C ). Further, this staining colocalized with GFP fluorescence ( Figure  S2C ). No oocyte surface staining was seen with the anti-GFP sera injected into the uterus of hermaphrodites expressing the GFP:EGG-1 ( Figure S2D -S2F) (N-terminal fusion, GFP in the cytoplasm). These experiments demonstrate that EGG-1:GFP is on the egg plasma membrane and support the topology of EGG-1 shown in Figure 1C . The surface localization of the EGG-1:GFP fusion proteins are likely to be biologically significant because the GFP:EGG-1 construct can rescue egg-1 mutant fertility defects (see below). Together, these data support the hypothesis that EGG-1 and EGG-2 are expressed in developing oocytes and reside on the oocyte plasma membrane where they could directly mediate gamete interactions at fertilization.
RNA interference (RNAi) was used to investigate the function of the egg-1 and egg-2 genes (Table 1, Figure 2 ). *Correspondence: singson@waksman.rutgers.edu , surface/cortex). The tight localization of EGG-1/EGG-2:GFP to the plasma membrane is very different from that of RME-2 which accumulates in cortical endosomes at a steady-state [13] .
Hermaphrodites became completely sterile and produced only unfertilized oocytes when double-stranded (ds) RNA corresponding to egg-1 was injected at 25ºC ( Figure 2B ). No fertility was recovered when these animals were crossed to wild-type males. Furthermore, these sterile worms did not display any detectable gametogenesis or somatic defects ( Table 1 , see below), and no fertility defects were detected in mock-injected controls (Table 1, Figure 2A ). These results were consistent with RNAi findings from a large-scale RNAi soaking screen [14] and a study to identify GLD-1 translational repressor targets in the germ line [12] . We also detected reduced fertility and the production of unfertilized oocytes when dsRNA corresponding to egg-2 was delivered by feeding at 25ºC (Table 1, Figure 2C ). The effectiveness of various RNAi treatments was monitored with the GFP reporters for egg-1 and egg-2 ( Figures 2F-2I ). egg-1 RNAi not only knocked down EGG-1:GFP but also knocked down EGG-2:GFP. egg-2 RNAi effectively knocked down EGG-2:GFP. Therefore the strong fertility defects seen in egg-1 RNAi treated animals is likely due to cross-RNAi effects. Injection RNAi at 25ºC of the C. briggsae egg-1 (Cb-egg-1) or the C. remanei egg-1 (Cr-egg-1) homologs also resulted in the production of unfertilized oocytes ( Figures 2D and 2E ) in the respective species. This result suggests that these genes have a conserved fertility function in nematodes.
To test the validity of our RNAi induced phenotypes for egg-1, we obtained a deletion allele from the National Bioresource Project for the Nematode, Japan. The egg-1 (tm1071) allele carries a 416 base pair deletion ( Figures  1A and 1B ) that removes the genomic region from intron 1 to approximately half-way through exon 3. The resulting mutant gene is predicted to encode only the first 24 amino acids of the protein. The knockout worms are not as sterile as worms treated with egg-1 RNAi. This mutation is recessive and homozygous hermaphrodites display temperature sensitive fertility defects (Table 1) . At 25ºC, mutant hermaphrodite fertility is only 6% of wildtype fertility and unfertilized oocytes accumulate in the uterus of these animals ( Figure 3A ). Based on our RNAi phenotypes, residual fertility is due to egg-2 function in egg-1(tm1071) mutants. Fertility levels are partially rescued by the gfp:egg-1 construct (Table 1) . Incomplete rescue could be due to germ line transgene silencing [15, 16] or reduced activity of the fusion protein due to the presence of GFP sequences.
Mutant hermaphrodites produce morphologically wild-type sperm and oocytes (Table 1, Figures 3A-3D , 4C and 4D). In young egg-1 mutants, oocyte meiotic maturation/ovulation occurs and brings sperm and oocytes in contact in the spermatheca (the normal site of fertilization, Figures 3B-3D ). However, no fertilization occurs and no sperm DNA is detected in DAPI-stained oocytes dissected from the uterus of egg-1 mutants ( Figures 3F and 3G ). These unfertilized oocytes become endomitotic as they age ( Figure 3H ). This data suggest that fertility defects are not due to defective gamete production. Occasionally slightly abnormal/damaged or fragmented oocytes can be seen in some preparations of RNAi-treated or mutant worms. However, these abnormalities are not consistently associated with egg gene loss of function and are likely due to experimental manipulations (e.g., injection or mounting) or low ovulation 
Broods were determined for animals of the indicated genotype by counting the number of progeny and ovulations (fertilized eggs and unfertilized oocytes produced). Broods are indicated as percentage of wild-type controls raised under identical culture or treatment conditions. All experiments were conducted on C. elegans except where indicated. *Male egg-1; him-5 fertility was determined by crossing into dpy-5 hermaphrodites and scoring the number of NonDpy (outcross) progeny produced. egg-1; him-5 mutant male fertility was similar to him-5 (see Figure 4) . SD = standard deviation rates (see below) since we can observe similar defects in preparations of wild-type worms. Although we cannot rule out the possibility of a subtle defect in oogenesis, detailed examination of both wild-type and egg gene loss of function animals reveal no obvious and consistently associated phenotypic defects (Table 1 . see fertility phenotypes) [17] . Homozygous egg-1 males have no detectable somatic or fertility defects ( Figures 4A-4D ). They sire broods that are comparable in number to wild-type males ( Figure 4A ) indicating that mating behavior, sperm transfer, sperm migratory behavior, and sperm competition are normal for sperm produced by these mutant males [4, 6, 18] . In vitro sperm activation and amoeboid sperm morphology are also indistinguishable from wild-type ( Figures 4B-4D ) and no EGG-1:GFP or EGG-2:GFP expression is seen (data not shown) in males consistent with microarray data [8] . Essentially identical results are obtained when we also knockdown egg-2 function with RNAi in an egg-1(tm1071) mutant background ( Figure S3 ).
egg-1 hermaphrodites ovulate at levels that are considerably lower than wild-type controls (Table 1) , and oocytes can be observed backing up in the gonad arm of older hermaphrodites ( Figure 3E ). High levels of meiotic maturation and ovulation are known to require a sperm-sensing mechanism. Mutants that are defective in this mechanism (that is likely dependent on sperm vesicle budding) [19, 20] or lack sperm [17] (Table 1 , see fem-1) exhibit low meiotic maturation/ovulation level phenotypes similar to those seen in egg-1 mutants. In our egg-1 mutants, at least part of the reduced ovulation levels is due to a surprising and rapid loss of sperm (and thus a loss of signal) from the egg-1 mutant reproductive tract (Figures 3I-3L) . In wild-type hermaphrodites, many sperm are displaced from the spermatheca to the uterus by passing eggs. These sperm then ignore the contents of the uterus and crawl back into the closest spermatheca. In anesthetized egg-1 hermaphrodites, we observed that sperm were not efficiently crawling back into the spermatheca after being pushed into the uterus by passing oocytes. Rather, sperm were expelled from the uterus when oocytes (I-N) Sperm detected as small bright DAPI stained spots can be found in the spermatheca of young egg-1 (I) and wild-type (J) hermaphrodites. However, sperm are lost from the spermatheca of older (> one day) egg-1 mutant hermaphrodites (K) when compared to age matched wild-type (L) controls. In let-23 single mutants (M), sperm can be detected in the spermatheca while sperm are only detected in the uterus of age-matched let-23, egg-1 double mutants (N).
were laid. To gain a better understanding of this sperm loss, we examined sperm localization in a let-23(sy1) mutant background. let-23 mutants lack a vulva, precluding exit of any sperm, embryos, or unfertilized oocytes from the reproductive tract. Although sperm are localized to the spermatheca in let-23 mutants (Figure 3M) , in let-23; egg-1 double mutants sperm are distributed throughout the uterus ( Figure 3N ). This demonstrates that egg-1 mutant worms are not efficiently maintaining a concentrated sperm population in the spermatheca. These data indicate the existence of previously-unappreciated layers of feedback regulation that help coordinate sperm migratory behavior and the proper levels of meiotic maturation/ovulation with successful fertilization. Work with other fertility mutants has suggested that there are indeed differential effects on the coordination of fertilization with meiotic maturation/ ovulation rates in C. elegans [21] .
LDL receptor-related molecules are known to bind diverse ligands (e.g., lipoproteins, viruses, and signaling factors) and mediate diverse cellular activities (e.g., endocytosis, Ca 2+ influx, and synaptic plasticity) [22] . In vitro-activated egg-1 mutant sperm activate at wild-type levels. Sperm dissected from males of the indicated genotype were activated with Pronase [6] , and the percent of activated sperm was determined by counting the total number of sperm with pseudopods and the total number of spermatids.
(C and D) The amoeboid sperm morphology of sperm produced by egg-1 mutants (C) is indistinguishable from sperm produced by wild-type (D) animals. Error bars in (A) and (B) represent the standard deviation. Fat metabolism (E-G) and oocyte endocytosis (H and I) in egg mutants is indistinguishable from wild-type. Vital dye Nile Red staining reflects overall fat content in C. elegans [25] . We find that Nile Red accumulation is identical in wild-type (E), egg-1(tm1071) mutants (F), and egg-2 RNAi-treated (G) animals. The YP170:GFP fusion only enters oocytes by endocytosis [13] .
(H and I) Both wild-type (H) and egg-1(tm1071) (I) animals produce oocytes that accumulate YP170:GFP.
Defects in LDL receptor repeat-containing molecules are associated with various human diseases [22, 23] and defects in worm development [13, 24] . To our knowledge, this is the first time that LDL receptor-related molecules have been shown to play a role in gamete interactions. Because a number of LDL receptorrelated molecules in C. elegans have been implicated in fat metabolism [25] and yolk uptake [13] , we assayed for possible defects in these processes. Knockout or RNAi-treated animals did not display any fat metabolism defects using the assay developed by Ashrafi et al. [25] that reflects overall fat metabolism ( Figures 4E-4G ).
Oocyte endocytosis was also normal in egg-1 knockout animals as assayed by (yolk protein) YP170:GFP uptake [13] (Figures 4H and 4I ). Although EGG-1 and EGG-2 ligands are likely to be independent of fat metabolism and yolk uptake, we can't rule out defects in alternate transport pathways. However, these defects would have to be subtle because as noted earlier, egg-1/egg-2 mutant oocyte growth/morphology are indistinguishable from wild-type and the localization of our GFP reporters (unlike RME-2) are not consistent with high rates of internalization. The molecular nature of the predicted EGG-1 and EGG-2 proteins suggests a model in which their arrays of LDL receptor repeats are displayed on the oocyte surface where they can bind to a sperm ligand(s). Such interactions would then be required for successful fertilization. The Human LDL receptor and its C. elegans homolog [13, 23] have sequences required for targeting to clathrin-coated pits (NPxY) and endosome ligand release [23] (EGF repeat-b-Propeller region) ( Figure 1C) . The fact that the predicted EGG-1 and EGG-2 proteins lack these sequences suggests why these proteins remain on the plasma membrane at a steady-state and that ligand binding at the oocyte surface would not include endocytosis of ligand-receptor complexes or ligand release in endosomes. Recent studies have provided evidence that C. elegans sperm fuse with the oocyte plasma membrane rather than being engulfed (A. Richmond and D. Shakes, personal communication).
C. elegans expresses two structurally related proteins (Ce-EGG-1 and Ce-EGG-2) that function in a partially redundant fashion. C. brigssae (Cb-EGG-1) and C. remanei (Cr-EGG-1) have only a single predicted protein of this type ( Figure 1C ). An extra copy/variant of an egg surface sperm receptor could enhance C. elegans fertility or provide more robust gamete interactions across a larger range of environmental conditions (e.g., different temperatures). Phylogenetic analysis of the egg-1 and egg-2 genes suggests that the egg-1 ancestor gene duplicated in the nematode lineage leading to C. elegans after it split from its last common ancestor with C. briggsae and C. remanei ( Figure S4 ). In addition to understanding the implications and mechanisms of gene duplication [26, 27] , there is intense interest in understanding the evolution of gamete interaction protein function [28] . Other LDL receptor repeat-containing molecules are known to function specifically in other oocyte functions such as yolk uptake [13] . An intriguing possibility is that egg-1/egg-2 could have arisen from one of these functions in the oocyte. Continued analysis of these genes will lead to a better understanding of the differentiation of molecular functions and how modification of gamete interactions at the molecular level could contribute to speciation.
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